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This  study  reports  the  facile  synthesis  of  highly  conductive  SrRu03(SR0)-Ru02  composite  nanofibre 
mats  and  their  potential  suitability  for  application  in  electrochemical  capacitors  as  an  active  electrode 
material.  SRO-Ru02/poly( vinyl  acetate)  composite  nanofibre  mats  are  electrospun  on  to  a  Au-coated 
Si02/Si  substrate  and  a  Ti  substrate,  subsequently  thermocompressed  at  60  °C,  and  calcined  at  various 
temperatures  (from  350  to  850  °C).  The  calcined  SR0-Ru02  nanofibre  mats  exhibit  porous  morphologies 
and  bundle  shapes  composed  of  multiple-fibrils  with  a  nanoparticle  diameter  ranging  from  20  to  50  nm. 
Single  SR0-Ru02  nanofibre  and  multiple  SR0-Ru02  nanofibre  mats  show  high  electrical  conductivity  of 
476  and  40.8  S  cm-1,  respectively.  Pseudocapacitors  using  SR0-Ru02  nanofibre  mats  calcined  at  350  °C 
exhibit  a  high  specific  capacitance  of  192  Fg-1  at  a  scan  rate  of  lOmVs-1.  The  superior  capacitance 
retention  (83.4%)  of  the  SR0-Ru02  nanofibre  mats  is  maintained  even  at  rapid  scan  rate  of  1000  mV  s-1. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

One-dimensional  (ID)  nanomaterials  and  nanostructures  have 
been  intensively  investigated  due  to  their  unique  physical  prop¬ 
erties  and  various  potential  applications  [1-3].  In  particular,  ID 
nanostructured  metal  oxides  including  nanotubes,  nanowires,  and 
nanofibres  have  been  a  subject  of  active  research.  Moreover, 
they  have  been  developed  extensively  from  simple  binary  oxides 
(Sn02  [4],  Ti02  [5]  and  ZnO  [6])  to  complex  oxides  (BaTi03  [7], 
BiFe03  [8],  TiFeO  [9],  and  Pb(Zr,Ti)03  [10]).  To  date,  various  nanos¬ 
tructure  synthetic  and  fabrication  methods  have  been  proposed 
[11-13].  Among  these  methods,  electrospinning  is  one  of  the  sim¬ 
plest,  most  cost-effective  and  versatile  techniques  for  creating 
organic/inorganic  nanofibres  through  a  process  of  utilizing  tar¬ 
get  material  precursors  and  a  matrix  polymer  [14].  Metal  oxide 
nanofibres  with  a  variety  of  morphologies  have  been  demonstrated 
by  subsequent  calcination  of  electrospun  composite  nanofibres 
[15]. 

SrRu03  (SRO)  has  a  GdFe03-type  orthorhombic  distorted  per¬ 
ovskite  structure  with  lattice  parameters  of  a0  =  5.53  A,  b0  =  5.57  A, 
and  c0  =  7.85  A.  The  compound  has  a  pseudo-cubic  structure  with 
a  unit  cell  of  a0  =  b0  =  c0  =  3.93  A,  a  =  0  =  90°,  y  =  89.6°  via  tilting 
of  the  Ru06  octahedra.  This  structure  results  in  highly  conduc¬ 
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tive  properties  with  a  low  resistivity  of  275[x£2cm  at  room 
temperature  [16].  Based  on  its  excellent  metallic  properties  and 
structural  compatibility  with  other  ferroelectric  (BaTi03  [17], 
Pb(Zr,Ti)03  [18]),  paraelectric  (SrTi03  [19],  BaSrTi03  [20]),  mul- 
tiferroic  (BiFe03)  [21]  and  superconducting  (YBa2Cu307_5)  [22] 
oxides,  SRO  has  been  considered  as  a  potential  candidate  for 
bottom  electrode  materials  in  oxide  electronic  devices,  leading 
to  the  improvement  of  device  performance  and  the  minimiza¬ 
tion  of  fatigue  properties  [23-25].  Research  on  SRO  has  largely 
focused  on  the  fabrication  of  thin  films  with  excellent  struc¬ 
tural  and  electrical  properties  for  a  suitable  bottom  electrode 
of  various  functional  films  with  a  perovskite  structure.  Elec¬ 
trochemical  capacitors  using  SRO  materials  have  rarely  been 
reported. 

So  far,  a  wide  variety  of  synthetic  approaches  have  been 
developed  to  improve  the  specific  capacitance  and  rate  capa¬ 
bility  of  electrochemical  capacitors  by  combining  conducting 
nanostructures  and  hydrous  metal  oxide  coating  layers,  leading 
to  good  electron  and  proton  conductivity.  These  nanostructures 
include  hydrous  Ru02 -coated  crystalline  Ru02  vertical  nanorods 
[26]  and  hydrous  Ru02-coated  carbon-nanotubes  [27].  These 
multi-layered  nanostructures  result  in  a  high  specific  capac¬ 
itance  in  the  approximate  range  of  500-1300  Fg-1  [26-29]. 
Although  a  hydrous  Ru02 /crystalline  Ru02  multilayer  structure 
clearly  improves  the  capacitance,  the  practical  fabrication  of 
unique  conducting  nanostructures  without  a  subsequent  coat¬ 
ing  treatment  specially  optimized  for  a  pseudocapacitor  with  a 
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Fig.  1.  (a)  Procedure  of  electrospinning,  thermocompression  and  calcinations  steps,  (b)  SEM  image  of  as-spun  SRO-Ru02/PVAc  composite  nanofibre  mats  prepared  by 
electrospinning,  (c)  SEM  image  of  SRO-Ru02/PVAc  composite  nanofibre  mats  after  thermocompression  at  60  °C  for  60  s.  (d)  SEM  image  of  SR0-Ru02  nanofibre  mats  calcined 
at  350  °C.  (e)  HR-TEM  image  of  SR0-Ru02  nanofibre  with  a  fibrilar  structure. 


high  rate  capability  is  difficult  to  achieve  in  a  single-step  pro¬ 
cess. 

This  study  reports  the  fabrication  of  perovskite  SrRu03  nanofi¬ 
bres  and  potential  use  in  pseudocapacitors  of  highly  conductive 
SR0-Ru02  composite  nanofibre  mats,  for  the  first  time,  by 
electrospinning.  The  microstructure  and  phase  identification  of 
electrospun  SR0-Ru02  composite  nanofibre  mats  are  character¬ 
ized  by  scanning  electron  microscopy  (SEM),  X-ray  diffraction 
(XRD)  and  high-resolution  transmission  electron  microscopy  (HR- 
TEM).  The  electrical  properties  of  single  SR0-Ru02  nanofibre  and 
SR0-Ru02  nanofibre  mats  are  characterized  by  current-voltage 
(/-V)  measurements,  and  a  high  power  electrochemical  capacitor 
is  investigated  by  means  of  conducting  SR0-Ru02  nanofibre  mats 
as  an  active  electrode  material. 


2.  Experimental  process 

2.1.  Synthesis  ofSRO-Ru02  Nanofibres 

The  precursor  solution  for  electrospinning  was  prepared  by 
dissolving  ruthenium  (III)  chloride  hydrate  (RuCl3-xH20,  Aldrich), 
strontium  (II)  chloride  hexahydrate  (SrCl2-6H20,  Aldrich)  and 
poly( vinyl  acetate)  (PVAc)  (Mw  =  1,000,000  g  mol-1)  in  the  N,N- 
dimethylformamide  (DMF).  In  the  electrospinning  process,  the 
precursor  solution  was  injected  through  a  stainless-steel  needle 
(21  gauge,  orifice  diameter  =  300  pan)  that  was  connected  to  a 
high-voltage  d.c.  power  supply  (high-voltage  power  supply  series 
230,  Bertan).  The  solution  was  continuously  fed  through  the  nee¬ 
dle  using  a  syringe  pump  (KD  Scientific,  781200)  at  a  rate  of 
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10|jLmmin_1.  A  high  voltage  (12-15  kV)  was  applied  between 
the  needle  and  the  grounded  collector  15  cm  below  the  needle. 
As  a  result,  a  continuous  stream  of  SR0-Ru02  precursor/PVAc 
composite  nanofibre  with  a  uniform  diameter  of  a  few  hundred 
nanometers  was  ejected  from  the  needle  and  collected  on  a  tita¬ 
nium  plate  (99.7%,  Aldrich).  Subsequently,  the  as-spun  SR0-Ru02 
precursor/PVAc  composite  fibre  mats  were  thermocompressed  for 
60s  using  preheated  metallic  plates  at  60 °C.  Finally,  the  samples 
were  calcined  at  temperatures  ranging  from  350  to  850  °C  in  air  for 
30  min. 

2.2.  Characterization 

Scanning  electron  microscopy  (SEM)  (FE-SEM,  EIITACEII  S4200) 
was  utilized  to  observe  the  development  of  the  microstructure 
during  the  process  step.  X-ray  diffraction  (XRD)  measurements 
were  taken  with  monochromatic  Cu  Ka  (A  =  1.54  A)  radiation  to 
investigate  the  phase  composition  and  crystalline  structure  of 
the  SR0-Ru02  nanofibre  mats  at  different  calcination  tempera¬ 
tures.  Thermal  gravimetric/differential  thermal  analyses  (TG/DTA) 
(TG2050  thermal  analyzer  system,  Ta  instrument,  Inc.)  were  carried 
out  to  measure  the  thermal  behaviour  of  the  SR0-Ru02  precur¬ 
sor/PVAc  composite  nanofibres.  The  electrical  properties  of  an 
individual  SR0-Ru02  nanofibre  and  of  SR0-Ru02  nanofibre  mats 
were  characterized  by  a  current-voltage  (/-V)  test,  which  was  per¬ 
formed  with  a  semiconductor  device  analyzer  (B1500A,  Agilent 
Technologies)  in  darkness  at  room  temperature  (RT). 

Electrochemical  measurements  were  performed  in  a  three- 
electrode  system  that  used  the  selected  SR0-Ru02  nanofibre  mats 
as  a  working  electrode,  a  Pt  counter  electrode,  and  an  Ag|AgCl  ref¬ 
erence  electrode  with  saturated  KCl  solution.  Cyclic  voltammetry 
was  performed  using  a  potentiostat/galvanostat/EIS  device  (VSP, 
BioLogic)  in  aqueous  1  M  EI2S04  sulfuric  acid  solution  at  room 
temperature.  The  cyclic  voltammograms  of  the  electrodes  were 
recorded  at  a  scan  rate  of  10-2000  mV  s-1  over  a  voltage  range  of 
0-1 V.  A  sinusoidal  potential  with  an  amplitude  rating  of  10  mV 
within  a  frequency  range  from  500  kEIz  down  to  10  mEIz  was  used 
in  electrochemical  impedance  spectroscopy  (EIS)  measurements. 

3.  Results  and  discussion 

Fig.  1(a)  illustrates  the  procedure,  including  electrospinning, 
thermocompression  and  calcinations  steps,  which  was  used  to  fab¬ 
ricate  the  SRO-Ru02  composite  nanofibre  mats.  Fig.  1(b)  exhibits 
FE-SEM  images  taken  of  the  development  of  the  microstructure 
while  synthesizing  the  SRO-Ru02  composite  nanofibre  mats  by 
electrospinning.  As  shown  in  Fig.  1(b),  the  as-spun  SRO-Ru02 /PVAc 
composite  nanofibres  exhibited  randomly  oriented  fibres  in  the 
form  of  nonwoven  mats  with  a  range  of  500-600  nm.  Following  the 
electrospinning  process,  a  thermocompression  process  was  under¬ 
taken  to  improve  the  adhesion  between  the  nanofibre  mats  and 
the  Ti  substrate.  The  advantages  of  this  process  can  be  found  in  the 
literature  [5,6].  SRO-Ru02/PVAc  composite  nanofibre  mats  ther¬ 
mocompressed  at  60  °C  above  the  Tg  (glass  transition  temperature) 
of  PVAc  (28-30  °C)  have  an  interconnected  morphology,  as  illus¬ 
trated  in  Fig.  1(c),  due  to  the  partial  melting  of  the  PVAc  that  results 
in  remarkably  improved  adhesion.  By  contrast,  nanofibre  mats  cal¬ 
cined  without  a  thermocompression  step  cracked  and  peeled  off 
from  the  substrates.  Following  the  thermocompression  process,  the 
specimen  was  calcined  to  remove  the  polymer  template  by  ther¬ 
mal  decomposition  of  the  organic  components  and  to  crystallize 
the  SRO-Ru02  nanofibres. 

Fig.  1(d)  presents  an  FE-SEM  image  of  the  SRO-Ru02  nanofi¬ 
bre  mats  after  calcination  at  350  °C.  Calcined  SRO-Ru02  nanofibre 
mats  exhibit  porous  morphologies  with  high  surface-to-volume 


Fig.  2.  Thermogravimetric  analysis  (TGA)  and  differential  thermal  analysis  (DTA)  of 
SRO-R11O2  nanofibre  mats  in  20-800  °C  temperature  range  with  a  heating  rate  of 
10°Cmin_1. 

ratios.  In  particular,  significant  differences  are  observed  in  the 
microstructures  of  the  SRO-Ru02  mats  with  variation  in  the  cal¬ 
cination  temperatures.  The  particle  (grain)  size  comprising  the 
SRO-Ru02  nanofibre  mats  increases  with  increase  in  the  calci¬ 
nation  temperature,  leading  to  more  porous  microstructures  (not 
shown).  These  variations  were  caused  by  the  phase  transition  of 
the  SRO,  which  further  crystallizes  in  the  temperature  range  of 
450-850  °C  to  form  a  perovskite  structure.  Nanofibre  mats  calcined 
at  lower  temperatures  ranging  from  350  to  650  °C  are  found  to 
be  a  mixture  of  the  perovskite  SRO  and  rutile  Ru02  phases.  It  is 
important  to  note  that  SRO-Ru02  composite  nanofibre  mats  are 
composed  of  multiple-fibrils  with  diameters  ranging  from  20  to 
50  nm,  as  shown  in  the  inset  of  Fig.  1(d).  The  fibrils,  consisting  of 
nanoparticles  of  less  than  5  nm,  are  sparsely  agglomerated  within 
individual  bundles.  The  formation  mechanism  of  the  fibrilar  struc¬ 
ture  can  be  attributed  to  the  following  procedures.  The  precursor 
solution  is  divided  into  SRO-Ru02-rich  and  PVAc-rich  domains 
through  phase  separation  in  the  sol-gel  reaction.  During  the  elec¬ 
trospinning  process,  their  domain  causes  elongation  and  thereby 
forms  the  fibrils.  Subsequently,  the  fibrilar  structure  of  SRO-Ru02 
is  formed  by  the  removal  of  PVAc  during  the  calcination  process 
[30].  These  fibrils  offer  high  porosity  for  efficient  permeability  of 
electrolyte  into  the  inner  fibrils  while  maintaining  a  high  surface 
area  for  enhanced  surface  activity.  To  examine  the  microstruc¬ 
ture  of  the  SRO-Ru02  fibrils,  high-resolution  transmission  electron 
microscopy  (HR-TEM)  characterizations  were  conducted. 

Fig.  1(e)  shows  a  representative  TEM  micrograph  of  the 
SRO-Ru02  fibrils.  Fibrils  consisting  of  nanoparticles  of  less  than 
5  nm  are  clearly  visible  in  the  HR-TEM  image.  TGA  and  DTA  mea¬ 
surements  were  carried  out  at  a  heating  rate  of  10°Cmin-1  over 
a  temperature  range  of  20-800  °C.  The  TGA  curve  exhibits  three 
distinct  stages  of  weight  loss,  as  shown  in  Fig.  2.  The  first  stage 
commences  at  a  temperature  of  80  °C  due  to  the  evaporation  of 
water  and  residual  solvent,  i.e.,  DMF.  The  second  weight-loss  stage 
over  a  broad  temperature  range  from  1 1 0  to  400  °C  (with  the  centre 
of  the  peak  at  293.7  °C)  is  due  to  degradation  of  the  PVAc,  the  evo¬ 
lution  of  chlorine  gas  from  the  precursor,  and  the  crystallization  of 
the  SRO  and  Ru02  phases.  The  temperature  plateau  curves  without 
a  loss  of  weight  indicate  the  formation  of  crystalline  SRO  and  Ru02 
above  400  °C. 

Structural  identification  of  the  electrospun  SRO-Ru02  compos¬ 
ite  nanofibre  mats,  calcined  at  various  temperatures  from  350 
to  850  °C  were  investigated  by  means  of  XRD  analysis  in  a  20 
range  of  20°  and  60°.  As  shown  in  Fig.  3,  the  XRD  patterns  of 
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Fig.  3.  X-ray  diffraction  pattern  of  SR0-Ru02  nanofibre  mats  calcined  at  350,  450, 
550,  650  and  850  °C  for  30  min. 


SR0-Ru02  nanofibre  mats  calcined  at  temperatures  above  350  °C 
display  mixed  polycrystalline  diffraction  peaks  of  the  rutile  Ru02 
phase  characterized  with  primary  (1  0 1),  (1 1  0)  and  (211)  peaks 
(corresponding  to  PDF  43-1027)  and  diffraction  peaks  of  crystalline 
SrRu03,  i.eM  diffraction  peaks  at  20  =  22.61°,  25.32°,  32.20°,  42.95°, 
43.10°,  46.18°,  57.30°,  and  57.53°,  which  are  assigned  to  the  (101), 
(1  1  1),  (1  2  1),  (2  2  1),  (12  2),  (040),  (3  2  1)  and  (12  3)  planes  of  the 
JCPDS  43-0472  specification.  The  crystallinity  of  the  rutile  Ru02 
phase  and  perovskite  SRO  phase  increase  as  the  calcination  tem¬ 
perature  is  increased.  When  the  calcination  temperature  exceeds 
650  °C,  the  SRO  diffraction  peaks  of  the  (121)  and  (040)  planes 
placed  at  20  =  32.20°  and  46.18°  are  clearly  observed.  This  result 
indicates  that  nanoparticles  of  the  Ru02  and  SRO  phases  coexist 
in  the  nanofibre  mats.  It  is  possible  to  obtain  a  well-crystallized 
SrRu03  perovskite  structure  at  a  calcination  temperature  of  850  °C. 

In  order  to  investigate  the  microstructure  of  the  SRO-Ru02 
nanofibre  mats,  HR-TEM  analysis  was  conducted.  SRO-Ru02 
nanofibre  mats  calcined  at  a  temperature  of  350  °C  have  a  highly 
porous  and  nonwoven  structure,  as  indicated  in  Fig.  4(a).  In 
the  magnified  TEM  image  of  the  SRO-Ru02  nanofibre  mats  (see 
Fig.  4(b)),  partial  crystalline  nanoparticles  of  a  size  less  than  5  nm 
are  clearly  visible  in  SRO-Ru02  fibrilar  structure.  The  weak  spots  of 
the  selected  area  electron  diffraction  (SAED)  pattern,  as  shown  in 
the  inset  of  Fig.  4(b),  are  evidence  of  the  existence  of  small  nanopar- 


Fig.  4.  (a)  HR-TEM  image  of  SRO-Ru02  nanofibre  mats,  (b)  HR-TEM  image  of  Ru02  nanograins  calcined  at  350  °C.  Inset  shows  selected  area  electron  diffraction  (SAED)  pattern 
of  SRO-Ru02  nanograins,  (c)  HR-TEM  image  of  SRO-Ru02  nanofibre  mats,  (d)  HR-TEM  image  of  SRO-Ru02  nanograins  calcined  at  650  °C.  Inset  shows  selected  area  electron 
diffraction  (SAED)  pattern  of  SRO-Ru02  nanograins. 
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Fig.  5.  (a)  FE-SEM  image  and  schematic  diagram  of  an  electrode  of  single  SRO-R11O2  nanofibre  on  a  Au  electrode  patterned  on  a  Si02/Si  substrate  for  I-V  curve  measurement, 
(b)  I-V  curve  of  single  SR0-Ru02  nanofibre  calcined  at  350  and  450  °C.  (c)  SEM  image  of  the  SR0-Ru02  nanofibre  mats  on  Au  electrodes  patterned  on  top  of  a  Si02/Si  substrate, 
(d)  I-V  curves  of  SR0-Ru02  nanofibre  mats  and  Ru02  nanofibre  mats  calcined  at  350  °C. 


tides.  In  the  case  of  SR0-Ru02  nanofibre  mats  calcined  at  650  °C, 
nanoparticles  with  an  average  size  of  1 0  nm  can  be  observed  due  to 
the  grain  growth  caused  by  the  high  temperature  calcination.  The 
lattice  fringes  of  individual  nanoparticles  are  well  characterized  in 
Fig.  4(d).  The  SAED  pattern  of  the  SR0-Ru02  nanofibre  mats  cal¬ 
cined  at  650  °C  presents  distinct  ring  patterns  composed  of  sharp 
spots.  In  particular,  the  two  phases  of  perovskite  SRO  and  rutile 
Ru02  coexist  in  HR-TEM  images. 

The  electrical  properties  of  SRO-Ru02  composite  nanofibres 
synthesized  by  electrospinning  were  characterized  by  two-probe 
I-V  measurements.  In  order  to  characterize  the  electrical  conduc¬ 
tivity,  Au  electrodes  were  patterned  on  top  of  Si02/Si  substrates 
with  the  aid  of  a  shadow  mask.  The  line  width  of  each  Au  elec¬ 
trode  was  2000  fxm  spaced  70-200  [xm  apart,  as  shown  in  the  SEM 
micrograph  in  Fig.  5(a)  and  (c).  The  electrical  conductivity  values 
of  a  single  SRO-Ru02  nanofibre  and  multiple  SRO-Ru02  nanofi¬ 
bre  mats  were  estimated  from  the  equation,  a  =  l\RA ,  where  R  is 
the  resistance,  A  is  the  cross-sectional  area  (, A  =  nab  for  a  single 
SRO-Ru02  fibre,  with  a  the  width  and  b  the  height  of  a  single 
SRO-Ru02  fibre),  and  l  denotes  the  distance  between  the  elec¬ 
trodes.  The  I-V  profile  of  an  individual  SRO-Ru02  nanofibre  shows  a 
linear  relationship,  which  confirms  the  ohmic  behaviours  between 
the  SRO-Ru02  nanofibre  and  the  Au  electrodes.  A  single  SRO-Ru02 
nanofibre  calcined  at  350  and  450  °C  shows  conductivity  values  of 
2.39  x  101  and  4.76  x  102  Son-1,  respectively.  It  is  found  that  the 
conductivity  increases  as  the  calcination  temperature  is  increased 
due  to  the  enhanced  crystallinity  and  the  growth  of  the  crystalline 
size  comprising  the  SRO-Ru02  nanofibre  mats.  A  similar  electrical 


behaviour  was  observed  for  multiple  SRO-Ru02  nanofibre  mats.  In 
order  to  investigate  the  electrical  conductivity  and  contact  resis¬ 
tance  characteristics  of  SRO-Ru02  nanofibre  mats,  the  transfer  line 
method  (TLM)  was  used.  Fig.  5(d)  exhibits  the  resistance  charac¬ 
teristics  while  varying  the  contact  spacing  (L)  between  both  gold 
electrodes  in  a  range  from  70  to  200  |xm.  The  total  resistance  (RT) 
as  a  function  of  the  distance  (I)  is  given  by  the  following  equation: 
Rj  =  RSLIW  +  2Rq,  where  Rs  is  the  sheet  resistance,  W  is  the  width  of 
the  electrode  (0.2  cm),  and  Rc  is  the  contact  resistance.  According  to 
the  aforementioned  equation,  Rc  can  be  calculated  as  the  half  of  the 
intercept  value,  and  Rs  can  be  determined  from  the  slope  of  the  line 
between  RT  and  L.  The  measured  values  of  the  contact  resistance 
and  the  sheet  resistance  of  the  SRO-Ru02  nanofibre  mats  are  0.49  £2 
and  408.7  £2  CT1,  respectively.  The  specific  contact  resistance  (pc) 
calculated  from  pc  =  Rq  W2 /Rs  is  2.35  x  10-5  £2  cm2.  The  electrical 
conductivity  of  the  SRO-Ru02  nanofibre  mats  calcined  at  350  °C  is 
4.08  x  101  Son-1,  a  value  that  is  comparable  with  that  of  a  single 
SRO-Ru02  nanofibre.  This  conductivity  is  one  order  of  magnitude 
lower  than  the  conductivity  value  (2.74  x  102  Son-1)  of  electro- 
spun  Ru02  nanofibre  mats  calcined  at  350  °C,  as  shown  in  Fig.  5(d). 
This  result  is  due  to  the  low  crystallinity  and  lower  conductivity  of 
the  SRO  phase  as  compared  with  the  Ru02  phase.  A  conductivity  of 
4.08  x  1 01  S  cm-1  is  still  high  enough  to  transport  electrons  rapidly, 
leading  to  a  high  rate  capability  of  the  electrochemical  capacitor. 

The  electrochemical  characteristics  of  the  electrode  using 
the  SRO-Ru02  nanofibre  mats  were  investigated  through  cyclic 
voltammetry  at  a  scan  rate  ranging  from  10  to  1000  mV  s-1  over 
a  potential  range  of  0-1. 0  V  with  respect  to  a  Ag|AgCl  electrode 
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Fig.  6.  (a)  Cyclic  voltammograms  result  at  various  scan  rates  of  10,  100,  500,  and 
1 000  mV  s_1 .  (b)  Nyquist  plot  and  (c)  Bode  plots  of  an  electrode  of  SR0-Ru02  nanofi¬ 
bre  mats  calcined  at  350  °C. 


using  1  M  H2S04  as  an  electrolyte.  The  cyclic  voltammogram  of 
SRO-Ru02  nanofibre  mats  has  a  rectangular  shape,  which  indicates 
good  pseudocapacitive  behaviour  for  an  electrochemical  capacitor 
performance  up  to  a  rapid  scan  rate  of  lOOOmVs-1,  as  indicated 
in  Fig.  6(a).  The  specific  capacitance  values  were  calculated  from 
the  cyclic  voltammogram  curve  using  the  following  relationship: 
Csp  =  i /vw,  where  i  is  the  average  current,  v  is  the  scan  rate,  and  w  is 
the  weight  of  the  SRO-Ru02  nanofibre  mats  (this  sample:  0.13  mg). 
The  maximum  specific  capacitance  of  the  SRO-Ru02  nanofibre 
mats  calcined  at  350  °C  is  1 92.0  F  g-1  at  a  scan  rate  of  1 0  mV  s-1 .  The 
specific  capacitance  is  five  times  higher  than  that  of  the  electrode 
using  the  Ru02  nanofibre  mat  calcined  at  the  same  temperature  of 
350  °C  (34.5  Fg-1)  (data  not  shown).  The  capacitive  responses  in 


the  SRO-Ru02  composite  nanofibre  mats  and  in  the  Ru02  nanofi¬ 
bre  mats  both  arise  from  the  Faradaic  reaction  of  a  proton  in  the 
open  surface  due  to  the  macropores  between  the  nanofibres  and 
the  mesopores  between  the  nanoparticles.  Flowever,  the  SRO-Ru02 
nanofibre  mats  have  a  non-crystallized  region  due  to  the  higher 
crystallization  temperature  of  SrRu03,  while  the  Ru02  nanofibre 
mats  are  composed  of  rigid  crystalline  particles  without  water 
contents.  In  general,  anhydrous  Ru02  annealed  at  temperatures 
in  excess  of  350  °C  shows  a  low  specific  capacitance  because  the 
effective  thickness  for  diffusing  the  proton  into  the  surface  of 
the  crystalline  component  is  limited.  Thus,  SRO-Ru02  nanofibre 
mats  can  offer  greatly  enhanced  accessibility  of  a  proton  into  the 
SRO-Ru02  structure  through  the  amorphous  SRO  phases,  lead¬ 
ing  to  easier  proton  diffusion  into  SRO-Ru02  structures.  Indeed, 
a  superior  capacitive  retention  capability  is  obtained  in  the  elec¬ 
trode  using  SRO-Ru02  nanofibre  mats.  A  high  specific  capacitance 
of  159.8  Fg_1  is  maintained,  even  at  a  scan  rate  of  lOOOmVs-1. 
The  capacitance  retention  rate  of  the  SRO-Ru02  nanofibre  mats  is 
83.4%  of  the  maximum  capacitance  value  measured  at  a  scan  rate  of 
1 0  mV  s-1 .  Zheng  [31]  reported  that  the  capacitance  at  higher  rates 
rapidly  decreases  due  to  proton  depletion  and  over-saturation  in 
the  electrolyte  during  the  charge-discharge  response.  The  excellent 
rate  capability  of  the  SRO-Ru02  nanofibre  mats  is  closely  related 
to  the  open  structure  of  the  nanofibres,  i.e.,  the  effective  access  of 
the  proton  into  the  active  sites  as  well  as  the  fast  electron  transport 
characteristics  of  conducting  SRO-Ru02  phase. 

In  order  to  investigate  the  charge-discharge  properties  of  the 
SRO-Ru02  nanofibre  mats,  an  EIS  analysis  was  conducted  over  a 
frequency  range  of  500  kFIz-10  mFIz  at  an  a.c.  amplitude  of  10  mV 
using  a  three-electrode  configuration  cell.  The  impedance  spec¬ 
trum  for  the  pseudocapacitance  response  is  divided  into  the  three 
regions  of  high-,  medium-  and  low-frequency  regions  according  to 
the  main  reactions.  The  high-frequency  region  is  dominated  by  the 
charge-transfer  process  at  the  surface  of  the  electrode  in  contact 
with  the  electrolyte.  The  medium-frequency  region  is  diffusion- 
controlled,  and  the  distributed  capacitance  and  resistance  within 
the  film  dominate  the  impedance.  In  the  low-frequency  region, 
non-homogeneous  diffusion  in  the  less-accessible  sites  governs  the 
impedance  [32].  The  Nyquist  plot  for  the  SRO-Ru02  nanofibre  mats 
shows  a  vertical  line  that  is  nearly  parallel  to  the  imaginary  axis. 
It  is  considered  to  represent  the  capacitive  behaviour.  As  shown  in 
the  inset  of  Fig.  6(b),  however,  a  depressed  semicircle  characteriz¬ 
ing  the  charge-transfer  process  is  revealed  in  the  magnified  view 
of  the  high-frequency  region.  The  high-frequency  region  above 
225  FIz  is  defined  by  a  knee  frequency  which  is  the  lower  limit  of 
the  high-frequency  region.  This  result  is  in  good  agreement  with 
the  high-frequency  region  in  the  Bode  plot  of  Fig.  6(c).  In  the  low- 
frequency  region,  the  ideal  capacitive  behaviour  is  represented  by  a 
capacitor  response  frequency  where  the  phase  angle  (p  is  -45°.  The 
capacitor  response  frequency  (Jc )  for  the  SRO-Ru02  nanofibre  mats 
is  7  FIz.  The  capacitor  response  time  (rc)  is  defined  as  the  inverse 
of/c.  It  characterizes  the  charge-discharge  rate  for  the  pseudoca¬ 
pacitor.  Therefore,  the  capacitor  response  time  for  the  SRO-Ru02 
nanofibre  mats  is  characterized  as  0.14  s. 


4.  Conclusions 

Highly  porous  SRO-Ru02  composite  nanofibre  mats  are  pre¬ 
pared  using  an  electrospinning  method.  The  mats  are  composed  of 
nanofibrils  which  consist  of  nanoparticles.  Electrospun  SRO-Ru02 
nanofibre  mats  have  a  fast  pathway  of  electrons  due  to  the  high  con¬ 
ductivity  of  metallic  oxide  and  exhibit  facile  transfer  characteristics 
of  protons  due  to  the  existence  of  amorphous  phases.  Psuedoca- 
pacitor  electrodes  have  been  assembled  using  SRO-Ru02  nanofibre 
mats  as  an  active  material.  The  electrochemical  performance  of  the 
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SR0-Ru02  nanofibre  mats  calcined  at  350  °C  exhibit  a  high  specific 
capacitance  of  192  Fg-1  at  a  scan  rate  of  10mVs-1.  Additionally, 
the  capacitance  effectively  maintained  is  83.7%  at  a  high  scan  rate 
of  1000  mV  s-1  due  to  the  open  structure  of  the  nanofibrils  and 
the  fast  electron  and  proton  transfer  characteristics  of  the  highly 
conductive  SR0-Ru02  electrode. 
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